Human activities, such as agriculture and shrimp farming, have influenced the Huizache-Caimanero lagoon system, modifying the landscape and diminishing its natural productivity. Four Landsat MSS (multi-spectral scanner) and TM (thematic mapper) sub-images, taken between 1973 and 1997, were analysed to evaluate trends of changes in the lagoon, saltmarsh, mangrove, agriculture, secondary succession and dry forest classes. The scenes were enhanced by principal components analysis. A thematic map for each sub-image was produced using supervised classification with the extraction and classification of homogeneous objects algorithm (ECHO). Aerial photography and field verification of testing points were used to validate the classification and to assess its accuracy using the Kappa coefficient. The area covered by class and year was estimated and the temporal trends were defined by linear regression. The natural covers (lagoon, mangrove and dry forest) showed a significant reduction in 1997 when compared with 1973, whereas the agricultural areas, secondary succession and saltmarshes showed an increase in cover. The frequency distribution analysis of the normalized difference vegetation index (NDVI) confirmed the observed trends. The Huizache-Caimanero region is a highly disturbed landscape, mainly caused by agricultural practices, that must be rehabilitated to maintain its natural productivity.
Introduction
Methods employed for the conservation and management of wetlands are usually concentrated on protecting isolated, scattered habitats, which although useful in preventing immediate destruction, do not insure permanent protection. The existence of environments such as wetlands depends on conditions created and maintained by large-scale factors which include, among others, cover patterns and land use in a particular type of landscape (Pearson, 1994) .
Land cover in areas surrounding aquatic systems greatly transforms the hydrological cycle, because it influences storage patterns and water discharge (Richardson & McCarthy, 1994) . The effect landcover has on the interconnection and mobility of ecological processes within these areas is of great importance in maintaining biodiversity (Pearson et al., 1996; Keitt et al., 1997) . Independent of the intrinsic transcendence of the wetlands, the patterns of cover and land use reflect the nature of interactions of societies with their physical environments (Campbell, 1996) . Landscape dynamics may be interpreted by employing an evaluation of the changes in land use and cover (Poudevigne & Alard, 1997) . Thematic maps developed by classifying satellite images and mathematical operations related to the spectral bands that make up a satellite image can be used to generate indicators that are sensitive to the presence and condition of vegetation, humidity, soil brightness and other features of interest (Ibañ ez et al., 1998) .
Data from remote sensors capable of spectral and spatial resolution are extremely useful for analysing changes in land use and cover, because characteristics of the area may be analysed with sufficient precision to be exploited efficiently in the management of natural resources (Dimyati et al., 1996; Grignetti et al., 1997) . In large and heterogeneous environments, such as those found in coastal areas, remote sensors provide much data from which current information about land cover may be extracted efficiently and economically (Baily & Nowell, 1996; Green et al., 1996) .
Within human ecology, data from remote sensors allow the quantitative comparisons of the impact of processes such as intensive soil use and population growth. These comparisons effectively link the spatial and temporal variation that results from changes in soil use in an environmental, socio-economic and cultural context, allowing an analysis to be made on a scale which relates local adaptation strategies to ecological and economic variability on a regional level (Brondizio et al., 1994) .
The Huizache-Caimanero lagoon system, with its high level of natural productivity, ranging from 13 to 16 mg C l 1 day 1 (Edwards, 1978) , is one of the most important in north-western Mexico and together with its immediate surroundings, forms a landscape which has been radically modified to increase fishing yields, enhance shrimp farming and agricultural productivity (de la Lanza & García-Calderó n, 1991). Although the system has suffered disturbances that are clearly evident, there are no evaluations that would enable quantification and an analysis of the tendencies to be made. Regional plans can accelerate the process of transformation of the landscape, such as the construction of a dam, new shrimp farms, and the converting of seasonal agriculture to an irrigation system. The present study offers a multi-temporal analysis of the patterns of land cover using digital processing of LANDSAT satellite images.
Study area
The Huizache-Caimanero lagoon system is in southern Sinaloa, Mexico, between 22 50 -23 05 N and 105 55 -106 15 W (Figure 1 ). The landscape comprises the Lagunas El Huizache and El Caimanero with average areas of 41 and 134 km 2 in the rainy season (June-January) and 15 and 40 km 2 during the dry season when the barrier to the sea is completely closed and limits the interchange with the sea. Laguna Huizache is connected in the north-east to the Rio Presidio by means of a 10 km canal bordered by mangroves. Laguna Caimanero is connected in the south-east to Rio Baluarte via an estuary. The lagoons are connected to each other by a 250 m canal. The lagoons only receive freshwater drainage during the rainy season. Some rural communities are found adjacent to the lagoon system, where the main activities are seasonal agriculture, cattle farming and a shrimp fishery. Vegetation is predominantly dry forest. There are secondary associations of xerophytic and caduceus underbrush. The climate in the zone is hot sub-humid, with a mean annual temperature oscillating from 22 to 26 C. The average annual precipitation is 928 to 1457 mm (Siu & del Valle, 1986; de la Lanza & García-Calderó n, 1991; INEGI, 1995) .
Materials and methods
To analyse the main modifications that have occurred around the Huizache-Caimanero system, four different scenes of the area were compared, after their classification using supervised classifications techniques. In addition, the analysis of the frequency distribution of the normalized difference vegetation index (NDVI) was done. The NDVI is a quantitative measure that attempts to assess biomass or vegetative vigour (Campbell, 1996) .
The four LANDSAT satellite scenes (path 31, row 44) of the lagoon system and its immediate surroundings, lie between 366 741 and 401 247 UTM and 2 523 560 and 2 558 116 UTM. The images were acquired in 1973 and 1986 with the multispectral scanner (MSS) and in 1990 and 1997 with the thematic mapper (TM). The main characteristics of the four scenes are described in Table 1 . In all cases, the images correspond to the dry period (January to June), having been taken during March to May. In the evaluation, six classes were defined. They included the water surface of the lagoon system (lagoon class) and five kinds of land cover; saltmarshes and bare soils (saltmarsh class, mangrove, dry forest, secondary succession and agricultural land (agriculture). Initially the images underwent an enhancing and simplifying process, using a principal component analysis (PCA) on all available bands in each image to eliminate redundant information and facilitate the later classification (Ortiz et al., 1993; Ceballos & Bottino, 1997 . The 1997 TM image was the first to be classified, because it was the only one that could be validated in the field. A false-colour image composition was generated first (bands 123), which enabled a selection of training fields for the six classes (Figure 1 ). The selection of fields was aided by using a topographical map of the region (F13-A56, INEGI 1:50 000), by aerial photography (1:37 500) taken by the National Institute of Geographical Statistics and Information (INEGI, February 1995) and by reconnaissance in the study area positioning the points of interest with a Trimble Navigation Global Positioning System (GPS) model Ensign XL. To ensure supervised classification, the algorithm of extraction and classification of homogenous objects (ECHO) was used, which not only incorporates spectral classifying variations of the images, as in most classifying algorithms, but also considers spatial variations existing among the pixels that make up the image. The first procedure orders the image into statistically homogenous regions. After that, the classification is based on the scheme of maximum likelihood (Landgrebe & Biehl, 1995; Campbell, 1996) .
The precision of the classification was estimated applying the Kappa coefficient (K=(accuracy in field random arrangement)/(1 random arrangement)), an analytical way to evaluate the total accuracy of the classification because it takes the contribution of the uncertainty into the estimation (Rosenfield & Fitpatrick-Lins, 1986 ). The test points for the analysis were selected at random from the resulting thematic map and validated in the field with the assistance of the GPS.
Once the 1997 classification was validated, the remaining images underwent the same classifying procedure. As the change in land cover was evident in some cases and considering the difference in spectral resolution between MSS and TM images, some of the training fields selected originally were modified by changing their spatial location or increasing the number of fields to adequately define the spectral signatures of each of the classes. After that, the thematic maps corresponding to each date were obtained. The area of each class was calculated in hectares, rounding to the nearest group of ten and rates of change and correlation patterns among the different classes were estimated, using regression and correlation models.
The frequency distribution of the NDVI (defined as NDVI=(IR R)/(IR+R), where R is the red reflection of the surface and IR is the infrared reflection of the surface) was analysed, based on properties of photosynthetic structures, which strongly absorb light in the red wavelength of the spectrum and reflect radiation in the nearby infrared wavelength. If no modifications are present in the vegetation structure and health, the frequency distribution remains constant with time.
In agreement with Maracchi et al. (1996) , and Ricotta et al. (1996) , the NDVI values for the 1973 and 1986 MSS images were calculated using band 4 (infrared) and 2 (red). Bands 4 (infrared) and 3 (red) were used to produce NDVIs for the 1990 and 1997 images with the TM sensor (Mas, 1997; Ibañ ez et al., 1998) . For this analysis, the images had not been enhanced or simplified.
The different classification routines, including producing thematic maps and calculating cover areas of every class, were integrated into a package for digital processing of images, MultiSpec for Windows Version 0.9 (Landgrebe & Biehl, 1995) , whereas the calculation of the NDVI was made using the IDRISI program for Windows Version 2.0 (Eastman, 1995) .
Results
From the 35 testing points used to assess the accuracy of the 1997 supervised classification, 83% coincided with the real coverage (Figure 2 ). The K coefficient value was 0·78. The maximum value for this coefficient is 1·0. Therefore, the classification is considered to be acceptable and, once the classification procedure was validated, four thematic maps were produced for the dates of the study (Figure 2) .
Estimates of cover obtained for each class throughout the time period, including the interperiod rates of change, are shown in Table 2 . The sum of six covers varied from 69 210 to 67 670 ha in the four scenes, mostly because of differences in the number of unclassified pixels that include the Pacific Ocean and other unidentified classes on the ground. The sea-land interface is the one which added most pixels to the sea cover, however, its total proportion barely varied between 42·1 to 43·4% of the total study area (about 119 500 ha).
The reduction in the size of the lagoons is clearly visible in the thematic maps. Although the lagoonal area calculated for 1997 is slightly greater than that calculated for 1990, the trend over the last 24 years has been a reduction by a rate of about 160 ha yr (R 2 =0·73). The marsh area tripled from 1973 to 1990; the rate of increase calculated was close to 225 ha yr 1 (R 2 =0·73). Since 1986, the thematic maps of the south of Laguna Caimanero have revealed a large area of marshland, approximately 1714 ha, bordered by a 15 km canal built in 1984 (Siu & del Valle, 1986) . In the thematic map from 1997 and in the false colour composition shown in Figure 1 , shrimp farms may be observed in the south of Laguna Caimanero. The analyses of the supervised classification and of the NDVI portray a reduction in the coverage of natural vegetation (mangrove and dry forest) of about 14 000 ha between 1973 and 1997. At present, the mangrove swamp is found in small portions next to the rivers and the dry forest regions are in the hills.
The period of greatest disturbance was from 1973 to 1986, with a deforestation rate around 72 ha yr 1 for the mangrove system and 714 ha yr 1 for the dry forest, both figures being greater than those of the average rate of deforestation calculated for the study period, which is 47 ha yr 1 for the mangrove swamp and 579 ha yr 1 for the dry forest, with a determination coefficient (R 2 ) of 0·85 (mangrove) and 0·93 (dry forest).
The frequency distribution percentages of the NDVI show how the modal classes shift toward the lowest values of the NDVI from 1973 to 1997 ( Figure  3 ). Superimposing the thematic maps with the NDVI (OVERLAY module of IDRISI), the pixels that were classified were determined as agriculture within a range of 0·01 to 0·024 of the NDVI, those classified as secondary succession within a range of 0·16 to 0·42 and mangrove and dry forest (native vegetation) in a range of 0·32 to 1·00. Hence, the movement towards the left of the histogram indicates loss of forest mass with time.
Whereas in 1973, 55% of the pixels fell within the natural vegetation interval, in 1986 only 6·1% did and for 1990 and 1997 no more than 4% of the pixels represent natural vegetation. The correlation coefficients for both the mangrove swamp and the dry forest with agriculture were 0·92(P>0·95). The former could be taken as an indicator of the displacement of the natural vegetation by agriculture, which grew at an average rate of 152 ha yr 1 (R 2 =0·83). Secondary succession in the study zone is made up of associations of xerophytic underbrush, caduceus foliage and on the bank east of the canal which joins the lagoons, mangrove (Avicennia germinans). The coverage showed an average rate of growth of 325 ha yr 1 (R 2 =0·79) during the 24 years of the study, but the fastest growth was from 1973 to 1986 (Table 2) .
The agricultural border increased most from 1973 to 1986, maintaining relative stability since then. In recent years, it has been the secondary succession that has displaced the dry forest, showing a negative correlation between both variables ( 0·95). Because of this interaction between agriculture and secondary succession, the estimates for both variables may vary in a correlated manner during the interim years. Assuming agriculture and secondary succession belong to a single cover class, a rate of growth of 450 ha yr 1 (R 2 =0·77) was shown and there was a negative correlation ( 0·95) with the natural vegetation.
Discussion
For the classification, the mangrove and the densest parts of the dry forest show similar spectral signatures, but it was possible to classify the images with a minimum of overlap, because of the algorithm properties of the ECHO classification, which also takes spatial criteria into account (neighbouring pixels).
For the lagoon system, there are important variations in size between the dry and rainy seasons, with the wetlands diminishing by up to 60% (Siu & del 1973 1986 1990 1997 1973-86 1986-90 1990- Valle, 1986). For this reason, it is essential to emphasise that, in the four images, the lagoon was found to be close to the highest flood levels, even though the dry season had started. Thus, changes on the lagoon surface could be evaluated without the errors generated by the variations of the natural hydrological regime of the system which is considerable. The increase in the saltmarsh cover appears as a consequence of the man-made infrastructure. Although originally the construction of the canal and the further building of drains were supposed to increase the supply of water from Rio Baluarte to the lagoon system and to reduce the silting process, shrimp farms now take advantage of the canal to supply their water and drying in the vicinity of the farms is now more accelerated than in the rest of the system. Shrimp farming began in a primitive way with the construction of three hectares of shrimp ponds (de la Lanza and Garcia-Calderon, 1991), but is increasing, with 402 hectares of ponds that adjoin the lagoon system (Hernandez, 1998) .
The silting also has had an effect on the connectivity of the system. Marshlands that once flooded during the rainy season, allowing communication between Laguna Caimanero and other lagoons next to Rio Baluarte, now remain dry throughout the year. Interconnections in the aquatic environment have been lost. For native vegetation and agriculture, a negative correlation was detected. Soil composition and topography predominating in the municipality of El Rosario, where the lagoon system is located, fundamentally limit agriculture to seasonal activities, with a minimum amount of crops irrigated by pumps (Anonymous, 1990) . As a result, the agricultural fields are temporally abandoned and early succession processes take place, establishing secondary succession. This situation is reflected in the frequency distributions of the NDVI and can explain the shifting towards higher values of this index from 1990 to 1997. During 1990, 92% of the pixels showed NDVI values related to agriculture, but in 1997 there were 7% more pixels associated with secondary succession than in 1990.
The seasonal farming of chilli, corn, sorghum and other crops is done mainly to the east of the lagoons, affecting the areas of dry forest, while the permanent farming of coconut palms and pasture for cattle fodder is along the sand bar which separates the lagoons from the ocean. These agricultural practices and the growth of rural communities have affected areas that originally were covered by mangroves and dry forest.
Agriculture and the farming of pasture for cattle fodder have a direct and immediate influence on the natural vegetation, but also have a later effect on the lagoons (Richardson & McCarthy, 1994) . Further possible alterations to the biogeochemical cycles are generated by the incorporation of nutrients resulting from fertilization (Childers & Gosselink, 1990) .
The results obtained show a continuous degradation of the natural environment (lagoons, mangrove swamps and dry forest) in the Huizache-Caimanero system, which has been subjected to strong pressure generated by anthropogenic development in the area. At the present time, the lagoon system and its immediate environs form an extremely perturbed landscape with some of their natural covers highly fragmented. The rates of deforestation of the natural vegetation, especially dry forest and of drying of the lagoons are alarming. A reversal is vital to achieve long-term sustainability in fishery, shrimp aquaculture and agriculture, the main economic activities that can sustain a community-based development in this zone.
